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Nanogap engineering of 3D nanoraspberries into
2D plasmonic nanoclusters toward improved SERS
performance†
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3D raspberry-like core/satellite nanostructures were prepared by

controlled surface functionalization of silica spheres using cross-

linked poly(4-vinylpyridine) (P4VP) chains with known binding

affinity for gold nanoparticles (AuNPs). The 3D SiO2-g-P(4VP-co-

DVB)/AuNP nanoraspberries can be further transformed into 2D

plasmonic nanoclusters by etching the silica core with hydrofluoric

acid (HF). After the transformation, the interparticle distance

between the AuNPs dramatically reduced from a 10 nm scale to

sub 2 nm. Owing to the strong electromagnetic field generated by

the plasmonic coupling between AuNPs in very close proximity,

the established P(4VP-co-DVB)/AuNP nanoclusters provided

strong and undisturbed Raman signals as a SERS substrate. In

addition, benefiting from the stabilizing effect of the crosslinked

P(4VP-co-DVB) network, the prepared SERS substrate has the

advantages of good uniformity, stability and reproducibility, as

well as strong SERS enhancement, endowing it with great potential

for rapid and efficient SERS detection.

Surface-enhanced Raman scattering (SERS) is a powerful
analytical technique that can amplify Raman scattering signals
through analytes adsorbed on the surface of a material.1,2 Over
the past decades, SERS has achieved tremendous growth by
virtue of fingerprinting, ultra-sensitive and nondestructive
detection potential, and fast analytical capability without com-
plicated sample pretreatment.3,4 Therefore, this technology has
been widely applied in various fields, including food,5,6 environ-
mental monitoring,7,8 and chemical and biological sensing.9,10

Plasmonic metal nanoparticles (MNPs) have been utilized
in SERS applications due to their unique wavelength-depen-
dent surface plasmon resonance (SPR).11–14 The SPR properties
of plasmonic MNPs are mainly determined by the shape, size,
and geometry of the nanoparticles. The electromagnetic field

near plasmonic MNPs is generally localized in spatially narrow
regions (so-called “hot-spots”) in-between MNPs.15–17

Therefore, the fabrication of SERS substrates with an
enhanced electromagnetic field is of significant importance.
Many reports have shown that the local electromagnetic coup-
ling has strong sensitivity to the nanogap distance.18–20

Therefore, the ability to control the interparticle distance of
plasmonic MNPs offers the prospect to tune their optical pro-
perties for SERS applications.

When MNPs are utilized in SERS applications, the interpar-
ticle gap distance should be as short as a few nanometers to
obtain strong Raman signals. Electron-beam lithography
allows the design of ordered nanostructure arrangements with
good reproducibility, but the minimum achievable gap
between nanostructures is usually limited, typically to more
than 10 nm.21,22 The molecular-mediated assembly of MNPs
has the potential to solve this problem by selecting bridging
molecules that can fine-tune the interparticle spacing down to
1 nm.23 However, these systems are usually sub-stable because
of aggregation or dissociation.24

In recent years, 2D or 3D hierarchical MNP assemblies,
such as nanocluster superstructures,25–27 satellite
structures,28–30 and core–shell structures,31,32 have been fabri-
cated as SERS substrates due to the advantages of high-density
hot spots. It was reported that MNP nanoclusters, such as gold
NPs (AuNPs) and silver NPs (AgNPs), exhibited high SERS sen-
sitivity with narrow nanogaps.33–37 However, to fabricate nano-
clusters that consist of closely packed MNPs is still quite chal-
lenging, due to the random aggregation issue and structural
stability of the assemblies, which would result in non-uniform
enhancement. In our previously reported work, we densely
immobilized AuNPs on the surface of poly(4-vinylpyridine)-
grafted carbon nanotubes (i.e., CNT-g-P4VP) through Au–N
interactions.38,39 The P4VP brushes played an important stabi-
lizing role in the immobilization of AuNPs on the support, i.e.,
P4VP-grafted CNTs, which can effectively prevent the dis-
sociation or coagulation of the AuNPs.

In this context, herein, for the first time, we propose a
robust approach for fabricating P4VP-immobilized AuNP nano-
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clusters as a SERS substrate. First, we employed divinyl-
benzene (DVB) as a cross-linking agent to graft a cross-linked
P4VP shell onto SiO2 nanospheres, resulting in the core–shell
SiO2-g-P(4VP-co-DVB). Then, the AuNPs were uniformly
adsorbed onto the surface of SiO2-g-P(4VP-co-DVB) to form 3D
raspberry-like core/satellite SiO2-g-P(4VP-co-DVB)/AuNP nano-
composites. Finally, tightly aggregated AuNP nanoclusters sur-
rounded by cross-linked P(4VP-co-DVB) were obtained by
etching the SiO2 core with hydrofluoric acid (HF). It is a
common belief that because of the random aggregation issue
and structural stability of the assemblies, it is still quite chal-
lenging to fabricate nanoclusters with the interparticle spacing
down to sub 2 nm. With our new concept, this method leads
to plenty of highly regular 2D nanoclusters containing predo-
minantly 150–200 AuNPs, with an average interparticle dis-
tance of sub 2 nm. The closely packed AuNPs provide effective
interparticle coupling to generate abundant electromagnetic
hot spots for application in SERS. Furthermore, the as-pre-
pared SERS substrate shows high SERS activity for detection of
organic molecules.

A schematic illustration for the fabrication of the SiO2-g-P
(4VP-co-DVB)/AuNP nanoraspberry and P(4VP-co-DVB)/AuNP
nanocluster is depicted in Fig. 1. First, SiO2-g-P(4VP-co-DVB)
was prepared by introducing a small amount of cross-linker
DVB, according to our previously reported route.40 The SiO2

nanosphere was covered with a slightly cross-linked thin P4VP
shell. Then, SiO2-g-P(4VP-co-DVB) can act as a template for the
adsorption of AuNPs because the pyridine groups of P4VP can
strongly bind with AuNPs through specific Au–N interactions.
Finally, the SiO2 core was etched using volatile HF vapor in a
closed system, resulting in the P(4VP-co-DVB)/AuNP
nanocluster.

As shown in Fig. 2, the materials were imaged by TEM and
SEM at each step. The bare silica nanospheres have a smooth
surface with an average diameter of ∼200 nm (Fig. 2a). After
grafting P(4VP-co-DVB) onto the surface of silica by ATRP, the
core–shell nanostructure can be clearly observed (Fig. 2b).

TEM analysis confirmed that the thickness of the P(4VP-co-
DVB) layer was ∼20 nm. On the other hand, the size-stabilized
AuNPs were synthesized by reducing aqueous HAuCl4 solution
with citric acid.41 TEM analysis showed that the obtained
AuNPs had an average size of 31.87 nm (Fig. S1†). The SiO2-g-P
(4VP-co-DVB)/AuNP nanoraspberries were obtained by adding
an AuNP aqueous solution to a DMF solution containing dis-
persed SiO2-g-P(4VP-co-DVB), followed by stirring for 5 min.
The 3D raspberry-like nanoaggregate was obtained as shown in
the TEM image (Fig. 2c). It was also clearly observed in the
SEM image that the AuNPs were uniformly and densely
adsorbed on the surface of the SiO2-g-P(4VP-co-DVB) sphere
(Fig. 2d). The P(4VP-co-DVB)/AuNP nanocluster was obtained
by etching the SiO2 core using HF vapor. Because of the dis-
appearance of the SiO2 support, the dispossessed AuNPs
settled down into a closely packed aggregate structure due to
gravity, which was imaged by TEM and SEM (Fig. 2e and f).
The 3D spherical architecture of the SiO2-g-P(4VP-co-DVB)/
AuNP nanoraspberry transformed into a 2D planar structure of
the P(4VP-co-DVB)/AuNP nanocluster. In addition, an obvious
increase in the overall diameter of the AuNP aggregated struc-
ture was observed, from ∼230 nm to ∼350 nm. It should be
noted that the AuNPs did not disperse randomly after etching
SiO2, but kept their regular circular aggregate structure. It can
be attributed to the strong binding interaction of P4VP chains
on AuNPs, which provides an effective stabilizing effect. This
specific stable structure plays a crucial role in the following
SERS detection study. Low magnification TEM and SEM
images of the P(4VP-co-DVB)/AuNP nanoclusters are shown in
Fig. S2 and S3,† respectively. The average size of the nano-
clusters is estimated to be 0.51 μm (Fig. S3†).

To further investigate the heterostructures of the 3D SiO2-g-
P(4VP-co-DVB)/AuNP nanoraspberry and 2D P(4VP-co-DVB)/
AuNP nanocluster, AFM measurements were also performed to
characterize their height profiles (Fig. S4†). The AFM image
showed an average height of 240 nm for the SiO2-g-P(4VP-co-
DVB)/AuNP nanoraspberry. It is reasonable that there is a

Fig. 1 Synthetic route to the SiO2-g-P(4VP-co-DVB)/AuNP nanorasp-
berry and P(4VP-co-DVB)/AuNP nanocluster.

Fig. 2 TEM images of the (a) bare SiO2 nanospheres, (b) SiO2-g-P(4VP-
co-DVB) core–shell nanostructure, (c) SiO2-g-P(4VP-co-DVB)/AuNP
nanoraspberry, and (e) P(4VP-co-DVB)/AuNP nanocluster. SEM images
of the (d) SiO2-g-P(4VP-co-DVB)/AuNP nanoraspberry and (f ) P(4VP-
co-DVB)/AuNP nanocluster.
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slight increase in height after loading the AuNPs, compared to
bare AuNPs. After etching using HF, a dramatic decrease in
height was clearly observed, due to the disappearance of the
SiO2 core. As for the P(4VP-co-DVB)/AuNP nanocluster, the
average height of ∼78 nm is about 2–3 layers of AuNPs. It is
worth mentioning that owing to the strong adsorption behav-
ior of P4VP on AuNPs, the AuNPs do not disperse and still
maintain a regular circular aggregated structure, which corres-
ponds well with the morphology shown by TEM in Fig. 2e.

The UV-Vis absorption spectra of the prepared bare AuNPs,
SiO2-g-P(4VP-co-DVB)/AuNPs and P(4VP-co-DVB)/AuNPs were
measured. As shown in Fig. 3, the localized surface plasmon
resonance (LSPR) absorption band of the bare AuNPs with an
average diameter of 31.87 nm was centered at 528 nm (black
line), and the LSPR absorption band of the SiO2-g-P(4VP-co-
DVB)/AuNPs was significantly red-shifted to 730 nm (red line),
which is due to the interparticle plasma coupling of adjacent
AuNPs stabilized on silica. The LSPR absorption band of the
P(4VP-co-DVB)/AuNP composites, on the other hand, is red-
shifted to 804 nm (blue line). Compared to that of the SiO2-g-P
(4VP-co-DVB)/AuNP nanoraspberries, the further red shift of
the LSPR absorption band of the P(4VP-co-DVB)/AuNP nano-
clusters should be attributed to the closer stacking of AuNPs
after etching of the SiO2, resulting in enhanced interparticle
plasma coupling of adjacent AuNPs. It was found that the
SiO2-g-P(4VP-co-DVB)/AuNPs and P(4VP-co-DVB)/AuNPs show
much wider LSPR absorption bands than pure AuNPs, which
is attributed to the different interparticle nanogaps of adjacent
AuNPs, resulting in varied plasma coupling strengths between
AuNPs.

The effect of the prepared SiO2-g-P(4VP-co-DVB)/AuNPs and
P(4VP-co-DVB)/AuNPs on SERS detection was investigated
using 4-MBA as a probe molecule. The SERS performance of
bare AuNPs, SiO2-g-P(4VP-co-DVB)/AuNPs and P(4VP-co-DVB)/
AuNPs was evaluated by labeling the same concentration of
4-MBA (1.0 mM). As shown in Fig. S6a,† all three materials

exhibited two characteristic peaks at 1077 and 1585 cm−1,
corresponding to the vibration of the 4-MBA benzene ring. In
terms of the intensity, the pure AuNPs show a very low SERS
signal. The SiO2-g-P(4VP-co-DVB)/AuNPs can show an increased
Raman signal due to the plasma coupling effect between adja-
cent AuNPs on SiO2. Since pure AuNPs have a negative charge
on their surface, the particles repel each other in solution. As a
large number of AuNPs were immobilized on the SiO2-g-P(4VP-
co-DVB) surface, the AuNPs are in close proximity to each
other, resulting in the generation of a large number of hot
spots. As we expected, the prepared SiO2-g-P(4VP-co-DVB)/
AuNPs can be used as active SERS substrates. The large
number of AuNPs on the surface of SiO2-g-P(4VP-co-DVB) pro-
vides an available location for generating a large number of
“hot spots”, which can enhance the Raman signals. In
addition, the 4-MBA molecule is easily attracted by the pyri-
dine group of P4VP grafted on the surface of SiO2-g-P(4VP-co-
DVB) through hydrogen bonding, so the concentration of
4-MBA is enriched around SiO2-g-P(4VP-co-DVB).

39 Quite intri-
guingly, it is obvious to find that the etched P(4VP-co-DVB)/
AuNPs have a stronger signal than SiO2-g-P(4VP-co-DVB)/
AuNPs. After etching the silica core using HF, the satellite
AuNPs immobilized by the P(4VP-co-DVB) shell settle into a
planar architecture, allowing much tighter packing of the
AuNPs. These intimate aggregations may trigger a higher SERS
response because of the strong electromagnetic interactions
between closer AuNPs.

In order to confirm that the SERS performance is domi-
nated by the spacing of AuNPs in our study, we quantitatively
measured the distances between the neighboring AuNPs
before and after etching from the TEM results. The measure-
ment method of the gap distance is according to the reported
work by Bukasov et al.42 Ten nanoaggregates were taken for the
measurement of interparticle spacing. For each nanoaggregate,
15 interparticle distances were taken and measured. It should
be noted that in most cases, the AuNPs are in contact with
each other, as shown in Fig. S5.† The representative high
resolution TEM images of SiO2-g-P(4VP-co-DVB)/AuNPs
(Fig. S5a) and P(4VP-co-DVB)/AuNPs (Fig. S5b†) show a clear
gap view where the gaps can be accurately measured (marked
with the left arrow) and a tilted/obscure gap view (marked with
the right arrow) where the gaps may not be reliably measured.
Only the clear gap view images were used to calculate the
average interparticle distance. The interparticle distances of
neighboring AuNPs before and after etching SiO2-g-P(4VP-co-
DVB)/AuNPs are presented in Tables S1 and S2,† respectively.
According to the calculations, the average gap distances of the
SiO2-g-P(4VP-co-DVB)/AuNPs and P(4VP-co-DVB)/AuNPs are
estimated to be 11.65 nm and 1.73 nm, respectively. After the
structure transformation from the 3D SiO2-g-P(4VP-co-DVB)/
AuNP nanoraspberry to the 2D P(4VP-co-DVB)/AuNP nano-
cluster, the average interparticle distance between the AuNPs
dramatically reduced from a 10 nm scale to sub 2 nm. Much
stronger electromagnetic fields are generated by the plasmonic
coupling between the AuNPs in closer proximity. Therefore,
the P(4VP-co-DVB)/AuNP nanoclusters exhibited much higher

Fig. 3 UV-Vis absorption spectra of bare AuNPs (∼31.87 nm) in
aqueous solution (black line), and SiO2-g-P(4VP-co-DVB)/AuNPs (red
line) and P(4VP-co-DVB)/AuNPs (blue line) in the solid state.
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Raman signals than the SiO2-g-P(4VP-co-DVB)/AuNP
nanoraspberries.

To further investigate the SERS performance of the P(4VP-
co-DVB)/AuNP nanoclusters, typical SERS spectra of different
concentrations of 4-MBA from 10−3 M to 10−12 M were
recorded. As shown in Fig. 4a, the Raman intensity gradually
decreased with the decrease of 4-MBA concentration. When
the 4-MBA concentration was down to 10−11 M, we can still
observe the two distinguishable peaks at 1077 and 1585 cm−1.
Therefore, the analyte detection limit can be as low as 10−11

M. As depicted in Fig. 4b, a linear curve was established by
plotting the intensity of SERS signals at 1077 cm−1 against the
concentrations of 4-MBA ranging from 10−3 to 10−12 M. The
linear equation was calculated as y = 4920.73x + 54 112.6 with
an R2 of 0.9921, showing a good linear relationship.

To determine and compare the enhancement factor (EF) of
the prepared SiO2-g-P(4VP-co-DVB)/AuNP nanoraspberry and
P(4VP-co-DVB)/AuNP nanocluster as SERS substrates, they were
uniformly deposited on silicon plates, respectively. As shown
in Fig. S7,† two evenly distributed SERS substrates are
obtained. Their EF values are estimated from eqn (S1).† The
EF value of the SiO2-g-P(4VP-co-DVB)/AuNPs was calculated to
be 3.65 × 104, and that of the P(4VP-co-DVB)/AuNPs was 1.42 ×
107. From the EF calculations, it can be deduced that the 2D
P(4VP-co-DVB)/AuNP nanocluster showed a much stronger

SERS response than the 3D raspberry-like SiO2-g-P(4VP-co-
DVB)/AuNPs. The SERS performance of the 2D P(4VP-co-DVB)/
AuNP nanocluster was compared with that of the related
materials reported in other published studies, as presented in
Table S3.† Apparently, the 2D P(4VP-co-DVB)/AuNP nanocluster
exhibits a higher EF value than these related materials.

To evaluate the reproducibility of the P(4VP-co-DVB)/AuNP
nanocluster as a SERS substrate, a mass of P(4VP-co-DVB)/
AuNP nanoclusters were uniformly deposited on a silicon
plate. 50 randomly selected SERS spectral positions under
identical experimental conditions were collected, as shown in
Fig. 5a. The relative standard deviation (RSD) of the Raman
signals of the peak at 1077 cm−1 was calculated to be 9.49%
(Fig. 5b). The small intensity variations of these randomly
selected spots suggested the good reproducibility of the P(4VP-
co-DVB)/AuNP nanocluster. To evaluate the stability of the
P(4VP-co-DVB)/AuNP nanocluster as a SERS platform, the SERS
spectra of P(4VP-co-DVB)/AuNPs labeled with 1.0 mM 4-MBA
were tested over a long period of time. The Raman signals of
the P(4VP-co-DVB)/AuNP nanocluster were examined at
monthly intervals. No significant decrease in SERS perform-
ance was found during a 3-month period (Fig. S8†). This indi-
cates that the prepared P(4VP-co-DVB)/AuNP nanocluster has
excellent stability.

Fig. 4 (a) SERS spectra recorded for the P(4VP-co-DVB)/AuNP nano-
clusters incubated with 4-MBA from 10−3 M to 10−12 M. (b) Calibration
curve of the intensity of SERS signals at 1077 cm−1 versus the logarithm
of 4-MBA concentration.

Fig. 5 (a) SERS spectra collected from 50 randomly selected spots of
the P(4VP-co-DVB)/AuNP nanoclusters uniformly deposited on a silicon
plate and (b) their corresponding variations of the intensities at
1077 cm−1.
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With the abuse of organic substances, the ecosystem is con-
taminated by their excessive residues in the aquatic environ-
ment. Therefore, it is of great importance to achieve sensitive
detection of organic pollutants, such as dyes, pesticides and
antibiotics in water. To evaluate the practical application of
the P(4VP-co-DVB)/AuNP nanocluster as a SERS substrate in
the field of organic pollutant detection, malachite green (MG)
was employed as a target molecule. The SERS spectra of
1.0 mM MG aqueous solution adsorbed on the P(4VP-co-DVB)/
AuNP nanocluster substrate were recorded as shown in
Fig. S6b.† The major distinct Raman peaks in the SERS spec-
trum of MG are clearly observed, which are consistent with the
results reported in the literature.43,44 We also conducted SERS
signal detection for four other organic pollutants, including
thiram, crystal violet, ciprofloxacin and sulfamonomethoxine.
Due to their unique molecular structures, the four substances
exhibit fingerprint-like SERS spectra with distinct Raman
peaks (Fig. S9†). Thus, the P(4VP-co-DVB)/AuNP nanocluster is
proven to be a reliable SERS substrate for the sensitive detec-
tion of dyes, pesticides, and antibiotics.

Conclusions

In summary, we provide a facile and robust strategy to fabri-
cate high SERS-responsive P(4VP-co-DVB)/AuNP nanoclusters.
The synthetic process involves the immobilization of AuNPs
on P4VP-grafted SiO2, followed by HF etching to achieve the
architecture transition from 3D nanoraspberries to 2D nano-
clusters. TEM and SEM observations show that each 2D nano-
cluster consists of 150–200 closely packed AuNPs with an
average interparticle gap of sub 2 nm, surrounded by cross-
linked P(4VP-co-DVB) chains. The intimately aggregated AuNPs
give rise to effective interparticle plasmon coupling, which
generates abundant hot spots and provides strong SERS
signals. The SERS performance tests of 4-MBA probe mole-
cules indicate that the P(4VP-co-DVB)/AuNP nanoclusters are
ultrasensitive SERS-active substrates with high stability and
good reproducibility. Moreover, the P(4VP-co-DVB)/AuNP nano-
clusters can serve as a useful SERS platform for rapid and
efficient detection of dyes, pesticides, and antibiotics.
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